IMPORTANCE Drug repurposing is potentially cost-effective, low risk, and necessary in psychiatric drug development. The availability of large, routine data sets provides the opportunity to evaluate the potential for currently used medication to benefit people with serious mental illness (SMI).
S erious mental illnesses (SMIs), including bipolar disorder (BPD), schizophrenia, and nonaffective psychoses (NAP), are associated with high levels of morbidity and are challenging to treat. Many drugs have been identified as having potential for repurposing in these disorders. 1, 2 We crossreferenced these drugs with the most commonly prescribed drugs in the general population. 3 We chose to investigate the following 3 classes of drugs for which we might expect clinical benefit: hydroxylmethyl glutaryl coenzyme A reductase inhibitors (HMG-CoA RIs; ie, statins), L-type calcium channel (LTCC) antagonists (eg, verapamil hydrochloride), and biguanides (eg, metformin hydrochloride).
A recent meta-analysis of statins as adjunctive therapy for schizophrenia included 6 placebo-controlled randomized clinical trials (RCTs) and found a reduction in the Positive and Negative Symptom Scale scores in patients receiving statins for 12 weeks; however, only 169 received active treatment, and the reduction fell below the threshold considered clinically meaningful. 4 Theorized mechanisms for HMG-CoA RI psychiatric action are via anti-inflammatory effects or via increased absorption and central nervous system uptake of antipsychotics. 4 A systematic review and meta-analysis of LTCC antagonists for the treatment of BPD 5 included 2 RCTs of verapamil vs placebo and 4 of verapamil vs lithium for the treatment of mania. The investigators found no evidence of an effect. However, no trials of other LTCC antagonists and no studies in BPD depression or prophylaxis have been performed. Evidence of calcium dysregulation in BPD has long been available; this evidence is supported by more recent pharmacologic, genetic, and molecular findings. 6 Similarly, calcium signaling is implicated in the etiology of schizophrenia, where LTCC antagonists are also a potential adjuvant treatment. 7 However, very limited and inconsistent trial evidence for their use in this disorder exists. 8 A trial of metformin has been undertaken to counter antipsychotic-related weight gain, 9 but metformin is also hypothesized to improve cognitive and mood dysfunction symptoms via mitigation of metabolic disturbances. 10 Therefore, although none of these drugs have been comprehensively investigated as repurposed agents to improve mental disorders, each has a theoretical basis for effectiveness.
We investigated whether people in the Swedish population with SMI had lower rates of psychiatric hospitalization and self-harm during periods when they were prescribed HMG-CoA RIs, LTCC antagonists, and biguanides. Owing to the risks of confounding by indication, we used a design that compared within-individual periods with and without medication exposure, 11 which controls for time-fixed confounders. In view of the proposed mechanism of action of each drug on psychiatric symptoms, we hypothesized that effects would be similar across SMI subtypes. We also examined rates of nonpsychiatric hospitalization in these groups and hypothesized that, contrary to psychiatric effects, nonpsychiatric hospitalizations would only be reduced in the group exposed to biguanides because these agents have an acute physical effect, whereas HMG-CoA RIs and LTCC antagonists have a longer-term mechanism of action.
Methods

Study Population
We collected data from national registers of Sweden from January 1, 1973 1, , until December 31, 2016 . For the purpose of this study, the Total Population Register, Migration Register, Cause of Death Register, Prescribed Drug Register, and National Patient Registers were linked. The Prescribed Drug Register contains data on all prescriptions collected from July 1, 2005, onward (excluding over-the-counter medications and drugs used in hospitals). 3 The National Patient Registers contain inpatient records from 1964 onward and outpatient records from 2001 onward. These registers contain sociodemographic and medical information on each resident of Sweden. Ethical approval for the study was obtained via the Regional Ethical Review Board in Stockholm, Sweden, which waived the need for informed consent.
Definition of SMI
We defined diagnoses of BPD, schizophrenia, and NAP in line with previous research using Swedish National Patient Registers. 12, 13 Individuals had at least 1 record of inpatient or outpatient contact with codes from the International Classification of Diseases, Ninth Revision (ICD-9) and International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) consistent with the diagnosis (eTable 1 in the Supplement) and a period of drug treatment with an appropriate psychotropic medication (antipsychotic, lithium, or anticonvulsant class mood stabilizer) from October 1, 2005, through December 31, 2016. Validation studies suggest that using inpatient SMI diagnosis alone has high positive predictive power (0.94) but potentially misses suitable patients owing to type II error (negative predictive power, 0.23). 14
Exposure to Study Medications
The main exposure was defined as treatment with HMG-CoA RIs, LTCC antagonists, or biguanides (eTable 2 in the Supplement) in the Prescribed Drug Register. In routine practice in
Key Points
Question Are drugs in common use for physical health problems (hydroxylmethyl glutaryl coenzyme A reductase inhibitors, L-type calcium channel antagonists, and biguanides) associated with reduced rates of psychiatric hospitalization and self-harm in individuals with serious mental illness?
Findings In this series of within-individual cohort studies of 142 691 patients with bipolar disorder, schizophrenia, or nonaffective psychosis, exposure to any of the study drugs was associated with reduced rates of psychiatric hospitalizaiton compared with unexposed periods. Self-harm was reduced in patients with bipolar disorder and schizophrenia during exposure to all study drugs and in patients with nonaffective psychosis taking L-type calcium channel antagonists.
Meaning Hydroxylmethyl glutaryl coenzyme A reductase inhibitors, L-type calcium channel antagonists, and biguanides hold potential as repurposed agents in serious mental illness, and the central nervous system mechanism of action of these drugs requires further investigation.
Sweden, oral medications are rarely dispensed for longer than 3 months at a time. In line with previous studies, we defined a medication period as a sequence of at least 2 prescriptions, with no more than 3 months (93 days) between any 2 consecutive prescriptions. 15, 16 Therefore, individuals were defined as exposed to medication during the interval between 2 dispensed prescriptions unless the dispensed prescriptions occurred more than 3 months apart. To determine whether an individual was exposed or nonexposed to the medication initially, the follow-up start was set to October 1, 2005 , because the coverage of the Prescribed Drug Register started on July 1, 2005.
Outcomes
Outcomes were psychiatric hospitalization (identified by ward admission codes and ICD-9 and ICD-10 codes for admission indication) and self-harm (with suicidal and undetermined intent) (eTable 1 in the Supplement). We also examined rates of nonpsychiatric hospitalization. Outcome data came from the National Patient Register.
Time-Varying Confounders
As a result of the within-individual design, time-fixed covariates (eg, sex, age at illness onset) cannot confound any association between the study drug and the outcome of interest. Time-varying confounders were included to capture the potential for changes in psychiatric symptoms over time, including age, year, number of previous outcome events (ie, hospitalizations, episodes of self-harm), exposure to psychiatric medication (ie, mood stabilizer or antipsychotic), and a count of exposed and nonexposed periods.
Statistical Analysis
Data were analyzed from April 1 through August 31, 2018. We performed within-individual analyses using stratified Cox proportional hazards regression. This method, by design, exclusively draws information from individuals who ever experienced the outcome of interest during follow-up. 17 Therefore, a different cohort is identified and analyzed for each combination of drug exposure and outcome. We split follow-up time into consecutive periods. A new period started after a medication switch (ie, starting and stopping medication) or an outcome event (after the date of discharge). For the latter, we restarted the period at baseline (ie, the time since the last event). Drug treatments were defined as time-varying dichotomous exposures. We estimated adjusted hazard ratios (aHRs) and 95% CIs for differences in outcome event rate between medication exposure and nonexposure periods; 2-sided P values were calculated using Wald tests.
Additional Analyses
We tested for an interaction between HMG-CoA RI and antipsychotic medication exposure, because of the theory that HMG-CoA RIs may increase uptake of antipsychotics by the central nervous system. 4 We then performed several sensitivity analyses. First, we examined differences in rates of the 3 outcomes in periods that patients with SMI were exposed or not exposed to thiazide diuretics. We chose this class of drug as a negative control; no evidence suggests that exposure to thiazide diuretics should improve psychiatric outcomes, so lower rates during exposed periods might suggest that stability of SMI symptoms is associated with a period of medication adherence rather than a direct effect of the medication on psychiatric symptoms (ie, reverse causality). Second, we adjusted for time with and without each of the other study drugs and physical health problems experienced by the individual (cardiovascular or cerebrovascular disease, type 2 diabetes, hypertension, and hyperlipidemia). Third, we excluded from the analysis individuals who died during the follow-up period because they may have a more rapidly varying risk of the outcomes of interest. Fourth, we excluded psychiatric admissions, which were prompted by admissions for self-harm (ie, a psychiatric admission in the 7 days after a self-harm admission), to examine whether self-harm and psychiatric admissions were independent. Finally, we extended the definition of the drug exposure period and defined it as constant if a new prescription was issued within 4 months (124 days) of the previous prescription and extended the exposure period to 2 months (62 days) after the last dispensed date to account for potential exposure misclassification in our primary analysis.
Results
These studies drew from the entire population of Sweden who ever received an inpatient or outpatient diagnosis of SMI and were treated with an antipsychotic or mood stabilizer medication from October 1, 2005, through December 31, 2016 (eFigure in the Supplement). This base population included 76 759 patients with BPD, 30 954 with schizophrenia, and 34 978 with NAP for a total of 142 691 patients. Table 1) . All subgroups of SMI had reduced rates of psychiatric hospitalization during HMG-CoA RI exposure after adjusting for age, year, number of previous hospitalizations, psychiatric medication exposure, and number of exposure periods (aHR for BPD, 0.86 [95% CI, 0.83-0.89]; aHR for schizophrenia, 0.75 [95% CI, 0.71-0.79]; and aHR for NAP, 0.80 [95% CI, 0.75-0.85]; P < .001 for all). Individuals with BPD (aHR, 0.76; 95% CI, 0.66-0.86; P < .001) or schizophrenia diagnoses (aHR, 0.58; 95% CI, 0.45-0.74; P < .001) had lower rates of self-harm during HMG-CoA RI exposure periods compared with nonexposure periods ( Table 2 ;eTable3intheSupplement). Exposure status for HMG-CoA RIs was not associated with nonpsychiatric hospitalization, apart from in the NAP subgroup (aHR, 1.04; 95% CI, 1.01-1.08; P = .02) ( Table 2 ; eTable 4 in the Supplement). We found no evidence of an interaction between HMG-CoA RI and antipsychotic exposure. Adjustment for additional time-varying confounders, such as LTCC antagonist and biguanide exposure, cardiovascular or cerebrovascular disease, type 2 diabetes, hypertension, and hyperlipidemia, did not affect the results for psychiatric hospitalization or self-harm outcomes, but nonpsychiatric hospitalization rates were significantly reduced during HMG-CoA RI exposure periods (aHR, 0.73; 95% CI, 0.72-0.74; P < .001) ( Table 3) . Excluding patients who died during follow-up did not change results for rates of psychiatric hospitalization or self-harm, but HMG-CoA RI exposure periods became associated with increased rates of nonpsychiatric hospitalization (aHR, 1.08; 95% CI, 1.06-1.11; P < .001). After excluding psychiatric hospitalizations prompted by self-harm, the association between HMG-CoA RI exposure periods and psychiatric hospitalization remained similar (aHR, 0.82; 95% CI, 0.80-0.84; P < .001). Redefining exposure period as constant for less than 4 months between prescriptions and extending to 2 months after the last prescription date did not change the findings.
HMG-CoA Reductase Inhibitors
LTCC Antagonists
Of . Additional adjustment for the other study drugs and physical health problems, exclusion of those who died during follow-up, and redefining the exposure period did not affect the results (Table 3) , nor did exclusion of psychiatric admissions in the 7 days after self-harm (aHR, 0.79; 95% CI, 0.77-0.81; P < .001).
Thiazide Diuretics
No evidence suggested that thiazide diuretic exposure was associated with psychiatric hospitalization (aHR, 0.99; 95% CI, 0.93-1.05; P = .64) or self-harm (aHR, 0.94; 95% CI, 0.75-1.19; P = .61). However, exposure was associated with a reduced rate of nonpsychiatric admissions (aHR, 0.92; 95% CI, 0.88-0.96; P < .001) ( Table 3 and eTable 5 in the Supplement).
Discussion
As far as we are aware, this study is the first to suggest that periods of exposure to HMG-CoA RIs, LTCC antagonists, and biguanides are associated with lower rates of psychiatric admission and self-harm in patients with SMI. Each of these drugs has a theoretical basis for effectively reducing psychiatric symptoms. We found that periods of HMG-CoA RI exposure were associated with reduced psychiatric hospitalization in all sub- groups of SMI and with reduced self-harm in BPD and schizophrenia. Several actions of HMG-CoA RIs could explain our findings. Statins are anti-inflammatory, with effects on levels of interleukin-1β, interleukin-6, tumor necrosis factor, and Creactive protein. 18, 19 Extensive evidence suggests that systemic and neuroinflammatory processes are involved in the pathophysiology of psychiatric disorders. 4 Alternatively (or synergistically), HMG-CoA RIs may interact with other substrates for P-glycoprotein (including antipsychotic medications). We found no evidence of interaction between periods of statin and antipsychotic exposure in our study. However, to assess this mechanism, we would need to specifically examine drugs with a high affinity for P-glycoprotein, such as quetiapine fumarate or risperidone. 20 The low number of events in those exposed to specific antipsychotics prevented robust analysis. In addition, animal models have found that statins up-regulate N-methyl-D-aspartate receptors 21 and increase muscarinic receptor binding, 22 potentially producing neuroprotective effects, and increase dopamine receptor levels centrally, 23 potentially causing antipsychotic effects. Any of these mechanisms may reflect the relatively acute effect of statins on rates of psychiatric hospitalization and self-harm that we observe. In contrast, the mechanism for treatment of hypercholesterolemia is slower, involving inhibition of HMG-CoA reductase, a resultant reduction in hepatocyte cholesterol level, and an increase of hepatic low-density lipoprotein receptor levels, which clear circulating low-density lipoprotein and its precursors. 24 Exposure to LTCC antagonists was associated with reduced rates of psychiatric hospitalization and self-harm. The LTCCs have been implicated in the physiopathology of a range of mental health conditions, including mood disorders, addiction, dementia, sleep disorders, 6 and psychotic illness. 7 Inhibition of LTCCs has cardiodepressant and vasodilatory actions, but isoforms of LTCCs are widely distributed beyond the cardiovascular system, including neurons. 25 These isoforms appear to control emotional behavior in animal models and are associated with antidepressant and anxiolytic effects. 25 Periods of metformin exposure were associated with reduced psychiatric and nonpsychiatric hospitalization across all SMI subgroups. Self-harm was reduced in individuals with BPD and schizophrenia during biguanide exposure. Metformin has been widely investigated in psychiatry because of its potential to attenuate antipsychotic-induced weight gain, including in patients without diabetes. 26 Unfortunately, these trials did not routinely report changes in psychiatric symptoms. Metformin may potentially improve symptoms in SMI because of underlying disturbed cerebral use of glucose, particularly in brain areas linked to cognitive impairments in schizophrenia. 27 Hypercholesterolemia, hypertension, diabetes, and prediabetes are more common in people with SMI, and evidence suggests that they are not as rigorously treated as in the general population. 28 Our findings notwithstanding, more effort should be made to prescribe these drugs when individuals with SMI fulfill established clinical criteria for their use. In addition, use of these medications within clini-cal guidelines is already broader than in the general population. For example, a statin will be indicated in any man older than 60 years with SMI, but no other risk factors for cardiovascular disease, according to risk calculators, 29,30 and adjunctive metformin therapy is recommended to manage antipsychotic-associated weight gain. 28 All 3 classes have relatively good adverse event profiles. [31] [32] [33] Ideally, further RCTs of these drugs will be conducted that are appropriately powered, with meaningful clinical end points.
Strengths and Limitations
Compared with possible RCTs, our large, population-based longitudinal sample avoids selection bias because it potentially includes all individuals. In RCTs, recruiting representative samples, such as actively suicidal participants or those who are acutely unwell, is more challenging. Our study is therefore potentially more generalizable and representative. However, to be included in the study, individuals had to be prescribed a study drug, suggesting poor physical health, and experience at least 1 outcome, suggesting poor mental health. We therefore potentially included the most unwell individuals. In addition, most individuals were older than 50 years at the start of follow-up, so survival bias is possible. Whether our results generalize to the wider population with SMI remains unclear, but the group studied would usually be considered most difficult to treat. The comparison of exposed and unexposed periods within the same individual automatically controls for time-invariant confounders, reducing the likelihood of confounding by indication. We then additionally adjusted for potentially important timevarying confounders. However, as with other observational designs, we cannot rule out residual and unmeasured timevarying confounding. In particular, confounding may be linked to varying severity of SMI symptoms. We attempted to investigate whether periods of symptom stability were associated with adherence to any prescribed medication and a reduced rate of psychiatric hospitalization and self-harm by examining nonpsychiatric hospitalization rates and by studying a drug class that should have no effect on psychiatric outcomes. Nonpsychiatric hospitalization was not associated with HMG-CoA RI or LTCC antagonist exposure periods, suggesting no global effect on health service use. The effects seem specific to psychiatric outcomes. Biguanide exposure was probably associated with reduced nonpsychiatric hospitalization because this class of medication has more acute effects. Thiazide diuretics, a group of medications that have no theorized basis for improving psychiatric symptoms, were not associated with rates of psychiatric hospitalization or self-harm rate but were associated with reduced rates of nonpsychiatric hospitalization. This finding suggests that medication adherence in and of itself is not a proxy for mental state stability, which would be reflected in reduced rates of psychiatric hospitalization and self-harm.
Exposure misclassification is a potential risk; in our primary analysis, patients were considered unexposed after the date of their last prescription. This classification potentially underestimates exposure time but would bias estimates toward the null. In the sensitivity analysis with increased expo-sure time, effect estimates were comparable. Unfortunately, the Prescribed Drug Register does not include information on dose and days supply. Similarly, we lack direct information on treatment adherence and defined patients collecting 2 or more prescriptions as adherent. Nonadherence would mean our reported associations represent underestimates of the true effect. Misclassification of SMI subgroup is possible, but given the inclusion criteria for this study, we were unlikely to include patients who do not have some form of SMI. 14,34,35 Selfharm that did not result in hospital attendance is not captured by our study.
Conclusions
If substantiated, this study has considerable implications for clinical practice and drug development. The study drugs-HMG-CoA RIs, LTCC antagonists, and biguanides-are globally licensed, commonly used, cheap, and relatively safe medications. They are therefore ideal candidates for repurposing. Understanding their mode of action on the central nervous system may facilitate better understanding of the pathophysiology of SMI and offer opportunities for innovative pharmacotherapy development. 
